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  ABSTRACT 
This work introduces a structural composite material enabled by 3D printing technologies. 
The composite consists of a 3D-printed frame filled with another material for property 
enhancement. Unlike traditional composites that are designed by volume ratio and 2D 
structure (i.e., laminate orientation), the 3D printed composite can be built in a complex 
3D configuration, such as lattice and honeycomb. In addition, instead of being a reinforced 
composite, the 3D printed composite is more like a dual-function material provided by 
two distinct phases. In this study, two types of the composite are developed and analyzed. 
The type I composite consists of a 3D printed brittle frame filled with a hyperelastic 
material, aimed for enhanced structural toughness. The type II composite consists of a 3D 
printed ductile frame filled with a viscoelastic foam for an enhanced impact resistivity. 
The objectives of this research are developing manufacturing methods for these 
composites by using both additive and molding processes, conducting experiments to 
evaluate the mechanical properties, and establishing numerical models to describe the 
mechanical behaviors and damage modes. The results show that both of the volume ratio 
and structural configuration determine the mechanical properties of the composite. For 
type I composite, the 3D printed brittle frame dominates the stiffness and the strength, and 
the hyperelastic material provides the toughness. Both experimental and numerical studies 
show that type I composite does not rupture suddenly under quasi-static bending test. This 
is because of the gradual development of the microcracks in the brittle frame as a result of 
contraction force provided by the hyperelastic filler. An FEA method includes a brittle 




composite. Comparing to other conventional FEA models, this model enabled the analysis 
with coarse and uniform mesh in the structure to represent the crack evolution inside the 
material. Type II composite is tested under the low-velocity impact condition. The 
experimental results show that different foams affect the impact properties differently and 
do not necessarily show the improvement. The flexible foam can enhance the material 
ductility, absorb more energy, and slow down the crack propagation speed during the 
impact. An FEA method includes an elastoplastic and a viscoelastic model successfully 
represent the impact behaviors of the type II composite. The FEA results suggest that the 
foam reinforcement redistributes the stress and mitigates stress concentrations during 
impact. Consequently, the foam reinforcement enhances the material ductility without 
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Additive manufacturing, also known as 3D printing, is a manufacturing method that 
creates objects based on layer-by-layer deposition. Additive manufacturing has many 
advantages over the traditional, subtractive manufacturing, such as the ability to build the 
complex geometries and internal structures. Recent technology is being developed for 
high-performance applications with the emphases on functionality and durability [1, 2]. 
One major direction is toward 3D printed composite materials [3, 4]. 3D-printed 
composite materials can be made by material mixtures, which could be powders, polymer 
resins, or solid filaments, depending on the printing technologies such as Fused Deposition 
Modeling (FDM) [5, 6], Three-Dimensional Printing (3DP) [7-9], and Stereolithography 
(SLA) [10, 11]. Another type of composite is using a multi-feeding system to create a 
structural mixture during printing, such as combined powder and wire systems to create 
layers of different materials [12, 13]. In comparison, the material mixture blends materials 
homogeneously, whereas the structural mixture combines materials on a larger scale. The 
structural mixture allows the flexibility in design for different mechanical behaviors. An 
analogy is the reinforced concrete, where the concrete has high compression strength to 
carry the compressive load, and the rebars have the high tensile strength to carry the 
tension. 
The objective of this dissertation is to create a structural composite that has a wide 
design domain and can be produced by 3D printing. Composite materials have become 
increasingly popular during the past decades. Particularly in engineering applications, 
1
composite materials are sometimes preferable because of their high specific strength, 
stiffness, excellent corrosion resistance, improved fatigue resistance, or other enhanced 
properties towards a specific application. In traditional structural composites, engineers 
have worked on optimizing the honeycomb or laminated structures to improve and 
customize the properties of the composite materials [14]. With the emergence of additive 
manufacturing technologies, more complex structures other than honeycombs and 
laminates have become feasible, even with various material options. This research 
proposes a structural composite in a lattice configuration. Two types of composites are 
presented: type I composite is a brittle frame with a hyperelastic filler; type II composite 
is a ductile frame with a viscoelastic filler. This dissertation includes manufacturing 
methods for composite and investigations of their mechanical behaviors by using both 
experimental and numerical methods. 
1.2. Literature Review  
Brittle materials typically have a high stiffness but a low toughness, so a high safety 
factor is usually used in engineering design. To enhance the properties of brittle materials, 
studies have shown that adding ductile particles can prevent the sudden fracture. L. S. Sigl 
et al. [15] showed that the brittle material combine with a ductile phase could have a plastic 
stretching mechanism. This mechanism can significantly prevent the material fracture at 
the sudden. P.A. Mataga [16] developed a numerical model to show the toughness 
enhancement after adding a ductile phase into a brittle material. Hao Wu et al. [17] studied 
the fracture phenomena of the brittle-ductile multilayered composites. The results showed 
a good strength-ductility combination after the design of the laminated structure. 
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However, the ductile phase in these studies is either randomly distributed or in a simple 
2D configuration. The effect of toughness enhancement may be limited. In comparison, 
type I composite incorporates the structural design of both phases and can be controlled 
more quantitatively.  
The ductile materials like polymers and metals are common engineering materials, but 
they may behave brittle under high-strain-rate loads or impacts. To increase the impact 
resistance, researchers have combined different materials to create a composite material 
or optimized the structure inside the composite material, such as changing the laminate 
orientation or honeycomb structure. Zhang et al. [18] presented an idea of the structural 
composite using a polyurethane-foam-filled pyramidal lattice. The results showed that the 
specimen with foam-filled core had a significant improvement of energy absorption in 
compression tests compared to those with an unfilled core, but the improvement in impact 
tests was little. Jeremy Gustin et al. [19] studied the foam filled sandwich composites 
under low-velocity impact testing. The experimental results define the benefits of 
replacing carbon fiber layers with Kevlar or hybrid on the top and bottom layers. M.V. 
Hosur et al. [20] developed a foam-filled 3D integrated core sandwich composite 
laminates. The results show that the material has a great potential for structural application 
by providing additional layer at the top and bottom. However, the composite with special 
structural design requires complex manufacturing methods, such as slot-fitting and 
adhesive method [18, 21, 22], extrusion and electrical discharge machining [23], or a 
perforating technique [24, 25]. By using 3D printing technologies, it can significantly 
reduce the effort for the manufacturing process, and provides more material options 
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compared to traditional manufacturing. The type II composite, in this study, is with a 3D 
printed lattice frame filled with a viscoelastic foam for enhanced impact properties. 
1.3. Research Objectives  
The objective of this research is to develop manufacturing methods for both type I and 
type II composite and determine their mechanical behaviors using both experimental and 
numerical methods. The numerical analysis will be conducted using finite element 
method, aimed at understanding the damage phenomena of composite, and thus it can be 
used as a tool for the future design. The ultimate goal of this research is to enable an 
optimal design of composite for various engineering applications. 
1.4. Organization of the Dissertation 
This dissertation follows the regular journal format. Each chapter has abstract, 
introduction, materials & methods, results, discussions, and conclusions. Chapter 2 
discusses the experimental study of type I composite, including four-point bending test 
and loading-unloading test. Chapter 3 presents the finite element analysis (FEA) study of 
the type I composite under quasi-static bending condition. Chapter 4 details the 
experimental study of the type II composite under low-velocity impact test. Chapter 5 
shows the FEA study of the type II composite and explain the foam reinforcement effect 
in the material. In the end, chapter 6 concludes the dissertation and propose future works 




2. BENDING BEHAVIORS OF TYPE I COMPOSITE – EXPERIMENTAL 
STUDY* 
 
This chapter∗ investigates the bending behaviors of type I composite using the 
experimental method. The type I composite is a composite material built by a 3D-printed 
brittle plaster lattice structure and filled with a silicone elastomer. The material 
composition and structural configuration of the two materials determine the overall 
mechanical properties. Four-point bending test results show a non-linear elastic property, 
and enhanced toughness and strength of type I composite samples compared to 
either material phase alone. Such behavior is believed to be a result of 
delayed microcrack propagation in the brittle phase and a hardening effect of elastomer. 
Four-point bending tests with loading-unloading cycles of preceding deformations were 
also conducted. The results show that there exists a linear–nonlinear transition when the 
bending deflection is around 2 mm in the first cycle bending. As the cycle proceeds, this 
linear–nonlinear transition is found at the maximum deflection of the previous cycle; 
meanwhile, the bending stiffness degrades. It is believed that the occurrence of 
microcracks inside the plaster frame is the mechanism behind the phenomenon. The 
silicone provides a strong network suppressing the abrupt crack propagation in a brittle 
∗ Reprinted with permission from “Bending behaviors of 3D-printed Bi-material structure: Experimental 
study and finite element analysis.” Kao, Y. T., Zhang, Y., Wang, J., & Tai, B. L., 2017, Additive 
Manufacturing, 16, 197-205. Copyright 2017 by Elsevier B.V.  
 
∗ Reprinted with permission from “Loading–Unloading Cycles of Three-Dimensional-Printed Built 
Bimaterial Structures with Ceramic and Elastomer. “ Kao, Y. T., Zhang, Y., Wang, J., & Tai, B. L., 2017, 
Journal of Manufacturing Science and Engineering, 139(4), 041006. Copyright 2017 by ASME. 
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material. The effects of the frame structure and plaster–silicone ratio were also compared. 
A high plaster content and large cell size tend to have higher stiffness and obvious linear 
to nonlinear transition while it also has more significant stiffness degradation. 
2.1. Introduction 
Additive manufacturing (AM) technologies provide the possibility to create 
complicated geometry based on layer-by-layer fabrication [26]. The recent development 
of AM is aiming toward high-precision and high-performance applications, one of which 
is developing multiple-material 3D printing, also known as composites [3]. AM of 
composites can be realized by fused deposition modeling (FDM) [5, 6], selective laser 
sintering/melting (SLS/SLM) [4, 27], laminated object manufacturing (LOM) [28], and 
laser engineered net shape (LENS) [29]. These studies use the preprepared mixtures of the 
composite materials, such as the mixed powder materials for SLS and the mixed filament 
for FDM. For example, Chung and Das [30] studied functionally graded materials by using 
a commercially available SLS machine. On the other hand, some other techniques 
manufacture composites using multiple feeding systems. For example, Wang et al. [12] 
used direct laser fabrication (DLF) technique to create Ti-6Al-4V reinforced with TiC. 
The composite material was manufactured by both wire and powder systems. Krishna et 
al. [31] presented an experimental study of a functionally graded Co–Cr–Mo coating on 
Ti-6Al-4V alloy by using LENS with double powder feeder system. To be noted that the 
majority of the existing AM methods for composites are based on material mixtures. This 
chapter, in contrast, focuses on AM of the composite using structural mixture rather than 




The structural mixture here refers to a larger scale of mixing between two or multiple 
materials, such as honeycomb or laminates composite. The mechanical behaviors of these 
materials are affected by both the material composition and the structural configuration. 
The produced part, therefore, can be designed structurally for specific needs, such as 
localized strength or anisotropy property. The two selected materials for type I composite 
are ceramic and elastomer due to the brittle and hyperelastic natures, respectively, that 
potentially provide both strength and toughness to the structure. 
Conventional materials, such as metals or plastics, usually have a constant modulus of 
elasticity in the elastic region or when reloaded in the plastic region. Thus, the resilience 
(i.e., the elastic strain energy absorbed by the material) remains similar despite the 
deformation magnitude. The type I composite is anticipated to have varying stiffness and 
resilience due to the elastic nature of both materials and the stiffness degradation 
phenomenon. Stiff degradation is a result of microdamages in one of the phases (usually 
the more brittle one) inside the composites. Gagel et al. [32] showed that the stiffness 
degradation occurs on glass-fiber reinforced epoxy material by loading–unloading cycles 
experiment. Lee and Fenves [33] reported a model to explain the stiffness degradation of 
concrete structures. Flores-Johnson et al. [34] presented a report for the degradation of 
stiffness on crushable foams in uniaxial compression. In general, when the stiffness 
degradation occurs, the material experiences a longer loading curve in the elastic region 
while it remains a similar maximum strength, which results in increasing resilience. This 




This chapter, therefore, presents a concept of 3D printing technology that can construct 
a composite of not only multiple materials but also with selected structural strength. The 
proposed type I composite consists of two vastly different materials and thus possesses a 
broader range of mechanical properties (from brittle to ductile) that could be tailored by 
manufacturers. Furthermore, different geometrical arrangements of these two phases can 
create different directional strengths. This concept is similar to the reinforced concrete 
used in construction with concrete as a rigid base and rebar as a tough addition. Owing to 
the flexibility of 3D printing, the desired structure design can be easily fabricated. In this 
chapter, a conceptual prototype was made with a powder-bed printer for the brittle phase 
and then combined with a silicone material as the ductile phase. The objective is to 
experimentally measure the changes in mechanical properties of the built composite and 
determine the effects of composition and structure.  
2.2. Materials and Methods 
A four-point bending test was utilized to examine the material properties of the type I 
composite. The sample was designed to be 156 mm × 13 mm × 6.5 mm based on an open-
cellular unit cubic structure to accommodate the silicone material, as shown in Fig. 1. The 
porosity of the part is determined by a unit cubic cell with a specific void-to-body ratio, 
and the unit cells are assembled to form the part, as shown in Fig.1 (a). The complementary 
percentage of this ratio is defined as the composition ratio. A different structure could be 





Figure 1 Sample design: (a) the unit cell and assembly and (b) manufactured type I 
composite samples. (Reprinted with permission from [35]) 
 
In this study, the term 50L represents the samples with a 6.5 mm unit cell length and 
50:50 mixing ratio; 50S is made of the same volume fraction with a 3.25 mm unit cell 
length. These samples were manufactured using a binder jetting 3D printer, ProJet 160 
(3D Systems, Rock Hill, SC), which builds plaster parts with a powder-bed technology. 
The powders are bonded with the designated chemical binder to fuse the plaster particles 
together. The binder, containing more than 90% water, does not produce any additional 
hardness and strength to the printed part. The silicone phase was Sylgard 184 (Dow 
Corning, Midland, MI) because of its low stiffness and good flowability (low viscosity) 
for casting and molding. The elastic modulus of the brittle frame was more than 100 times 
higher than that of the silicone, and thus the silicone is not expected to affect the 
overall bending stiffness. The silicone resin and the hardener were mixed at a 10:1 ratio 
and degassing in a vacuum chamber. Before the molding process, the 3D printed plaster 
frame was baked at 80 °C in an air oven for 5 min to take out the moisture absorbed from 
the environment. The mold for fabricating the type I composite is shown in Fig. 2. The 




process and then baked in the air oven at 50°C for 15 h in order to fully cure the materials. 
The produced samples are shown in Fig. 1 (b). In order to see the effect of the baking 
temperature, the samples used in the loading-unloading test was baked at 150°C for 2 h 
after the molding process.  
 
 
Figure 2 The mold for fabricating the composite samples 
 
For the bending behavior characterization, as shown in Fig. 3, a standard four-point 
bending test following ASTM-D7264 [36] was utilized. The radius of the cylindrical con-
tact surface for the loading and support noses were 5 mm, and the spans were 64 mm and 
128 mm respectively. The displacement of the loading noses was controlled at the rate of 
1.27 mm/min (0.05inches/min) throughout the test. The loading force and the loading nose 
displacement data were captured. The loading nose displacement is defined as deflection 
in this study since the deflection at the mid-point may not necessarily follow the Euler 




In addition to the bending test, loading–unloading tests were conducted on the same 
setup. Four loading-unloading cycles were applied on each sample. The deflection of the 
loading nose was 11.18 mm (0.44 in.) for first two cycles. To observe the linear–nonlinear 
behavior of the samples, the deflection distance was chosen from the bending results, 
which all the samples pass the elastic region in the force–deflection curves. For third and 
fourth cycles, the deflection distance was 22.35 mm (0.88 in.), which results were used to 
determine the effect of deflection level on linear–nonlinear behavior.  
 
 
Figure 3 Four-point bending test setup (Reprinted with permission from [35]) 
 
2.3. Experimental Results 
The force-deflection curves results of four-point bending tests are shown in Fig. 4 (a) 
and (b) for 50S and 50L, respectively. For the comparison purpose, the plaster structures 




50:50 composition ratio were also plotted in the figure. As shown, the bending stiffness 
and the strength of the material mixture are considerably lower than those of the type I 
composite and the pure plaster structures. This is because the plaster powders in the 
material mixture act as a dispersion strengthening agent for the silicone matrix. However, 
for type I composite, the plaster structure produces the bending stiffness, and the silicone 
material provides the toughness. 
In comparison between the pure plaster structures and type I composite, the bending 
stiffness is similar (about 11 N/mm for 50L and 5 N/mm for 50S) with and without the 
silicone filler, but the silicone avoid the fracture occurs in type I composite. Both structures 
deflect over 6 mm before rupture. Additionally, the maximum load carrying capability of 
type I composite, which is linearly proportional to the flexural strength, is higher than that 
of the pure plaster structure despite the silicone material having an extremely low 
modulus. However, the amount of increase in flexural strength is not as significant as that 
of the toughness. The results suggest that the bending stiffness and the flexural strength 







Figure 4 The force-deflection data of (a) 50S type I composite, 50S0 pure plaster 
structure, and plaster-silicone material mixture; (b) 50L type I composite, 50L0 pure 
plaster structure, and plaster-silicone material mixture (Reprinted with permission 
from [35]) 
 
In comparison between 50S and 50L, the bending stiffness of 50S is constant till 
around 1.0 mm deflection and then starts to degrade, while the load carrying capability 
increases slowly. There is no significant structural failure through the test. The silicone 
phase prevents the structure from falling apart and strengthens the structure under a tri-
axial stress. Note that the 50S0 sample (plaster structure only) has already failed when the 
deflection is around 2 mm. For the samples of 50L, the force-deflection curve is linear at 
the beginning and exhibits a sudden force drop around 1 mm deflection. This noticeable 
change from the behavior of 50S is due to the structural difference in the plaster phase. 
The force drop indicates that there is significant structural damage but not a complete 
failure at this moment. The force increases afterward, and the specimen regains some load-




mm deflection, which represents additional structural damage in the plaster phase. 
Although the structure has been severely damaged, the cracks inside the plaster phase do 
not completely propagate to the opposing side, and the beam can still carry some load 
because of the holding force from the silicone.  
Based on the results, it is believed that the hyperelastic property of the silicone plays 
an important role in maintaining the type I composite structural integrity under bending. 
The contraction of silicone prevents the microcracks from propagating easily through the 
structure. This is evidenced by visually observed cracks on the bottoms of both 50S and 
50L samples under bending, as shown in Fig. 5. Moreover, the fine structure of 50S 
confines the cracks on the bottom layer, so the structural remains a certain strength after 
significant bending. The coarse structure of 50L allows cracks to propagate toward the 
neutral axis, which leads to a quick and severe structural damage as shown in the data.  
 
 
Figure 5 Tested type I composite samples with visible cracks in the plaster phase 




Figure 6 shows two repeated loading-unloading test results of all the samples used in 
this study. The solid line and the dashed line represent two separate test results. The force-
deflection curves are almost identical throughout the whole process. This shows a high 
repeatability of the setup as well as the sample. All of them exhibit similar behavior during 
the test. For the first cycle, the structure deforms elastically at the beginning of the loading 
and the elastic region ends when the deflection of the sample is at about 2 mm. This 
transition point is approximated as it is sometimes unclear on where the point exactly is. 
When the deflection exceeds this transition point, the curve turns into a more plateau 
region, similar to the elastic-to-plastic transition, till the unloading begins. The unloading 
cycle recovers most of the deflection, but there is a small unrecovered deformation about 
2 to 3 mm (point p). The recovery of the most of the deflection indicates that the transition 
point is a stiffness transition, instead of the yielding point; the material remains elastic 
beyond this point. The unrecovered deformation is due to there is no waiting time between 
the unloading and loading bending. It is believed that over a longer time, the material 
should recover to the original shape. This can be observed after the fourth loading cycle 
of the bending. For the second loading cycle, the force increases linearly when it reaches 
the previous unloading point (about 10 mm). The slope of the second loading is lower than 
the first one. This is an evidence of stiffness degradation. For the unloading part, the 
second unloading curve is similar to the first unloading curve. The second cycle behaves 
as to reveal a completely linear elastic deformation with a hysteresis effect, a common 




The third loading cycle follows the linear trend till it reaches the maximum deflection 
of the previous cycles, and then, the sample again starts to deform nonlinearly. This 
behavior is almost identical to the first cycle except that the stiffness, unrecovered 
deformation, and transition points have changed. The unrecovered deformation is about 4 
to 5 mm. This is higher than the second cycle, shown as point q in Fig. 6. The fourth cycle 
is similar to the second cycle, where loading curve shows a linear behavior and unloading 
curve exhibits slight material hysteresis.   
Specifically, in 75L (Fig. 5a), the non-linear transition is relatively noticeable. The 
linear region extends straight to the 1.5 mm deflection level and turns into nonlinear 
deformation before it is unloaded. The maximum load remains around 4.5 N to 5 N as the 
deflection keeps increasing with the cycles. The second and fourth loadings both show a 
completely linear curve. In comparison, the transition of 75S (Fig. 5b) is not as clear as 
that of 75L. Also, the maximum load of 75S increases with the increasing deflection over 
the cycles. No plateau is observed. Therefore, the transition is at a higher force as the cycle 
proceeds, similar to the strain-hardening effect in the regular stress-strain curve. On the 
other hand, although the first transition points are not the same, they both land in 
somewhere between 1.5 mm and 2.5 mm. This implies that the defects (e.g., pores, flaws, 
cracks) start to take place at this deformation level regardless of the structural 
configuration. This is particularly true of the 75% structure when it is more dominated by 
the brittle plaster phase.  
The 50% cases have a lower maximum force of each cycle than that of the 75% cases 




50% cases have more obvious “pseudo-strain” hardening effect, particularly for 50S. The 
maximum force of the non-linear transition increases significantly with the cycle 
(deflection). On the other hand, for a fixed plaster content (50% or 75%), the small cell 
size tends to have more the pseudo-strain hardening effect. These observations conclude 
that non-linear elastic transition behavior and the hardening effect are both affected by the 
content of plaster and silicone as well as the structure. The repeatability of loading and 
unloading curves also suggest a stable microstructure inside the material. To be noted that, 
the samples in the loading-unloading test does not showed a significantly drop (Fig. 4(b)), 
and the stiffness is significantly lower than the previous results. This indicates that the 
baking temperature has a significant effect on the material properties, and higher 






Figure 6 Results for (a) 75L, (b) 75S, (c) 50L, and (d) 50S. Blue – cycle 1, red- cycle 
2, green – cycle 3, and purple – cycle 4. Solid line and dashed line represent two 
repeated test (Reprinted with permission from [37]) 
 
 Figure 7 shows the comparison of the slope of the force-deflection curve for each 
cycle of all four cases. This slope in a linear elastic region represents the bending stiffness 
of the structure. Mathematically, the bending stiffness was calculated using the first 1 mm 
deflection data from the force starts to increase. Note there is unrecovered deflection for 
cycles 2 to 4. The comparison is based on two repeated tests of each case. 
For all of the samples, the bending stiffness decreases after each cycle, and all of them 
show a similar trend for stiffness degradation. From the first cycle to the second cycle, the 




in the whole test. From the second cycle to the third cycle, there is almost no stiffness 
degradation because no nonlinear deformation occurs in the second cycle. From the third 
cycle to the fourth cycle, the stiffness significantly decreases again. The amount of 
degradation is about 30% to 50%, which is less than the first degradation. 
Specifically in each case, for the first cycle, 75L has the highest stiffness compared to the 
other cases. 75S and 50L have a similar stiffness of the first cycle, 50L is slightly lower 
than 75L but significantly higher than 50S. After the first cycle, the stiffness of the rest of 
three cycles become similar for 75L, 75S, and 50L cases. This implies that the level of the 
stiffness degradation of 75L is higher than 75S and 50L. In regards to 50S case, it shows 
the lowest stiffness for every cycle compared to all the other cases. 
 
 
Figure 7 Changes of stiffness in each cycle for all four samples (Reprinted with 








According to the results, different compositions and structures lead to different 
behaviors during the bending test. The discussion is focused on how the non-linear elastic 
behavior forms and how the structural configuration affects these behaviors. 
The material deforms elastically at the beginning of bending and turns to nonlinear 
deformation after certain deflection level. Figure 8 illustrates, via diagrams, a hypothesis 
to explain the phenomenon of the transition from linear to nonlinear elastic behavior. At 
the beginning of bending, the linear curve is because both materials (plaster and silicone) 
are elastic. When the deflection level reaches a certain threshold, the deflection of the 
material creates internal cracks inside the brittle phase. These cracks remain stable and do 
not propagate abruptly to the top since the surrounding structure is tightly secured by the 
silicone network (i.e. the orthogonal structure). However, as the cycle proceeds, the larger 
deflection creates more cracks in the structure, which decreases the stiffness of the 
samples. If the deflection level keeps increasing, the sample will eventually fail because 
the cracks completely destroy the integrity of the structure. Therefore, when the cracks 
start to appear in the material, the structure transitions from the linear behavior to the 
nonlinear behavior. Fig. 9 shows the tested sample after loading that contains internal 










Figure 9 Tested samples with cracks visible in the brittle phase (Reprinted with 
permission from [37]) 
 
Stiffness degradation has been shown qualitatively and quantitatively in Figs. 6 and 7. 
This stiffness degradation is a result of the micro-cracks. Since the orthogonal structure of 
silicone can effectively secure the plaster and suppress (or slow down) the crack 




structure has internally cracked resulting in stiffness degradation, it is not considered 
failure since the strength does not decrease. Further, the second cycle causes very 
minimum stiffness degradation (Fig. 7). This provides further evidence in revealing the 
elastic property. However, as the deformation proceeds to the third cycle, more or larger 
cracks are produced and thus again, decreases the stiffness. This stiffness degradation 
phenomenon is expected to reach a threshold where the structure starts to fail. 
Specifically in this study, the level of degradation is found dependent on the cell size 
and composition. The stiffness of the large cell structure samples degrades around 60% 
after the first cycle. However, the small cell samples only degrade 50%. Interestingly, 
despite large differences in stiffness of the first cycle, the stiffness of all samples tend to 
be more similar afterward. This could be specific to this combination of materials or the 
nature of such type I composite. Further investigations with numerical modeling and other 
materials would need to be conducted in the future. 
 
2.5. Conclusions  
This chapter describes the bending behaviors of 3D printed type I composite by using 
four-point bending test. Type I composite contains a 3D printed brittle plaster lattice 
structure filled with silicone elastomer. The plaster phase dominates the stiffness and the 
strength under bending; the elastomer enhances the toughness. The results suggested that 
the plaster phase did not rupture suddenly because of the gradual development of 
microcracks as a result of contraction force provided by the silicone filler. However, this 




longer and can further degrade the material at a time. The configuration along with the 
material composition can significantly affect the mechanical behaviors of composite. 
The mechanical behaviors of the type I composite are further tested under loading-
unloading test. The results showed interesting non-linear elastic phenomenon and stiffness 
degradation. The potential application could be for structural components that require high 
fracture toughness or impact toughness.  
The current data have suggested a basic trend for the type I composite under the 
loading-unloading study. Evolution of micro-cracks was hypothesized to be the key 
mechanism behind these phenomena. The continuation of this work will be focused on the 






3. BENDING BEHAVIORS OF TYPE I COMPOSITE – NUMERICAL STUDY* 
 
This chapter∗ investigates the bending behaviors of a type I composite using numerical 
methods. Finite element analysis (FEA) is employed to verify the hypotheses made in the 
previous chapter.  The FEA incorporates a brittle cracking material model for the plaster 
and a hyperelastic model for the silicone. The brittle cracking model enables the estimation 
of element degradation as a result of crack development and thus eliminates the need for 
the extremely refined mesh. Simulation result confirms the non-linear elastic transition 
and crack-induced material degradation and visualizes the silicone strengthening 
mechanism that can avoid rapid structural rupture. 
3.1. Introduction 
Composite materials can be modeled in various ways. Analytical models for the 
laminated or sandwich composite have been well developed [38-40], but they cannot be 
directly extended and applied to a complex 3D geometry. Representative elementary 
volume (REV) is another technique to analyze the mechanical behaviors of composite 
materials [41-43]. REV is the smallest volume that will yield to the real effective 
properties of the composite [44]. Tabiei and Jiang [45] used REV to simulate the 
mechanical behavior of the woven fabric composite material. Liu and Chen [46, 47] 
∗ Reprinted with permission from “Bending behaviors of 3D-printed Bi-material structure: Experimental 
study and finite element analysis.” Kao, Y. T., Zhang, Y., Wang, J., & Tai, B. L., 2017, Additive 





                                                 
 
evaluate the mechanical properties of carbon nanotubes composite using REV along with 
finite element analysis (FEA). Applying REV to the type I composite is possible but 
difficult to formulate the stiffness matrix because of a possibly inhomogeneous geometry. 
Therefore, another FEA method is used in this study to construct an exact geometry. The 
model uniquely employs a brittle cracking model [48] to simulate the frame structure and 
a hyperelastic model for the silicone elastomer. The brittle cracking model emulates the 
frame degradation due to crack generation under tension; the hyperelastic model describes 
the non-linear behavior of elastomer under a large strain. 
To explain the phenomena observed in the experimental tests, a finite element analysis 
(FEA) model was built to verify the type I composite phenomenon of slowly propagated 
microcracks. A typical crack model requires very fine mesh and heavy computational 
power to capture the crack propagation and new surface interactions. Alternatively, this 
chapter attempts a unique model using a brittle cracking material setting that allows the 
relatively coarse mesh to achieve the same goal. The model setup and selection are detailed 
in the following sections. 
3.2. Finite Element Model Setup 
The FEA model was constructed using ABAQUS (Version 6.14-2) to simulate the 
bending behaviors of type I composite. Since the 4-point bending setup was symmetric in 
both X- and Z-directions, only a quarter of the sample was built to maximize the 
computational efficiency, as shown in Fig. 10. The model contained two material sections, 
plaster and silicone, with an ideal orthogonal cellular geometry. The printed geometrical 




the rotational and translational motions. The loading and support noses were rigid bodies 
that could contact all exterior surfaces (defined by GENERAL CONTACT). A small value 
of friction coefficient, µ = 0.01, between the specimen and loading/support noses was 
assumed. A hexagonal mesh (C3D8I) with 0.8125 mm cubic length was chosen for the 
model to fit four elements equally along the 50S cell length and eight elements for the 50L.  
 
 
Figure 10 FEA model configuration for bending behavior simulation of type I 
composite (Reprinted with permission from[35]) 
 
The failure of the brittle material is generally attributed to the growth of microcracks 




structure, leading to a sudden rupture. Conventionally, such phenomenon can be handled 
by two FEA methods. First, the model can mesh with extremely fine elements [50]. The 
small mesh size can capture the stress concentration at the crack tip, and the elements can 
be eliminated when the stress has reached the damage criteria. Also due to the fine mesh, 
the deletion of elements does not cause significant volume loss of the model; the crack 
can propagate freely within the modeling domain. However, the computational time can 
be significantly increased. The computational time is generally proportional to the number 
of elements [51, 52]. The other approach is using extended finite element method (XFEM). 
XFEM is primarily adopted for analyzing the crack propagation [53] based on the initial 
defects such as voids, cracks, or inhomogeneity in the material [54]. However, the initial 
defect conditions cannot be defined in the type I composite. Alternatively, this study 
utilized the BRITTLE CRACKING material model available in ABAQUS/EXPLICIT to 
simulate the brittle failure mechanism. This material model was originally developed to 
simulate the material degradation of concrete, ceramics, or brittle rocks [48, 55]. Type I 
composite has a degradation behavior similar to the aforementioned materials. As shown 
in the previous chapter, type I composite exhibits a reduced stiffness, while remaining 
elastic, under several loading and unloading cycles with an incremental deflection.   
3.3. Brittle Cracking Model 
The brittle cracking model is described schematically in Fig. 11 with four parameters, 
denoted by E, Y, D, and εR. The stress increases linearly with the strain at a slope of E till 
it reaches the yield point Y. Plastic deformation does not occur after the yield point; 




The degradation is not necessarily a linear behavior but was assumed a linear degradation 
in this study. This degradation area is called post-failure region, which emulates the 
occurrence of micro-cracks inside the material. Within this region, a shear-to-tensile ratio 
often needs to be defined to reflect the degradation of the shear strength as a function of 
tensile strength. This ratio was measured by a single shear test of the bulk plaster material 
and found to be around 50%. However, according to the numerical tests and other studies 
[56, 57], the bending behavior was insensitive to this parameter. Finally, the material 
ruptures at point εR since no more cracks can be carried and the structure disintegrates 
suddenly. Note the BRITTLE CRACKING model can only be damaged by tensile stress; 
the compressive behavior is assumed linear without damage. Although this is the model’s 
constraint, it is almost always true that brittle materials have a much higher compression 
strength than tensile strength. The material should initiate tensile damages before the 
compressive stress reaches a critical level.  
 
Figure 11 Four parameters for the brittle cracking model and their representations 





These parameters may be measured directly from the bulk material properties, but the 
initial work found a significant deviation when the elastic modulus of the bulk material 
(100% printed plaster) was applied to simulate frame structures of 50S, 50L, 75S, and 75L. 
The deviation became noticeable, particularly when the feature size became smaller (e.g., 
the cross section area of the struts). Other mechanical properties, therefore, would also be 
different from the bulk material. This is, in fact, a common phenomenon in porous ceramic 
materials that pores or inherent defects affect the material properties more significantly 
when the size is small [58]. In this particular case, the smallest structural sizes (around 0.8 
mm in 50S and 1.6 mm for 50L) are both close to the printer’s resolution. To obtain an 
accurate set of parameters for analysis, an inverse method was used to extract the 
mechanical properties individually for each structure.  
3.4. Model Parameters 
The inverse method uses the data from the bending tests of 50S and 50L plaster frames 
(denoted by 50S0 and 50 L0, respectively) to determine the four material parameters. This 
would have been a multi-variable optimization problem if these parameters were coupled 
together. A substantial convergence study then was needed to ensure the existence and 
uniqueness of the solutions [59]. Fortunately, in this study, it is possible to decompose 
these parameters into different sections of a force-deflection curve of a bending test. As 
shown in Fig. 12, the bending stiffness of the linear region is correspondent to the elastic 
modulus E. The linear region then transitions to a non-linear region where the degradation 
begins. The transition point is the elastic limit, correspondent to the yield point Y. The 




that this non-linear region is not the plastic deformation since the plaster is an elastic 
material. In the end, the specimen ruptures at a certain point where the force drops to zero. 
This rupture point is related to the failure strain εR.  
 
 
Figure 12 A non-linear four-point bending data and its correlations to brittle 
cracking model parameters (Reprinted with permission from[35]) 
 
Each parameter was searched using the Golden Section method individually within 
the corresponding section. A two-digit accuracy was utilized as the searching criterion. 
The objective function to be minimized was the cumulative discrepancy between the FEA 
and the experimental data within the selected section. One bending test was conducted as 
the input to find the parameters and another three replicas were conducted to ensure the 
model accuracy and the sample repeatability. The results obtained from the inverse 




these parameters are shown in Fig. 13 (a). The good agreements in the force-deflection 
behavior validated the use of the brittle crack model. The slight geometrical mismatch in 
the non-linear region of 50S0 is due to the setting of a constant D, which leads to a more 
bi-linear behavior. The differences of the rupture point are attributed to the material 
variations, such as defects and pores, among the testing replicas. Such an uncertainty 
especially is high when the feature size is small (i.e., 50S0). In additional to the four-point 
bending tests, three-point bending tests were also conducted to verify the parameters, as 
shown in Fig. 13 (b). There are some noticeable discrepancies in 50S0, but the overall 
behaviors are similar to the FEA results regarding the bending stiffness, linear-to-
nonlinear transition, and the rupture point.  
 
Table 1 The material parameters obtained from the inverse method (Reprinted 
with permission from[35]) 
Material Properties 50S 50L 
Elastic Modulus (Mpa) (E) 780 1400 
Yield Stress (Mpa) (Y) 1.4 1.9 
Degradation Rate (Mpa) (D) 5.6 3.2 






Figure 13 Inverse method and validation results for both 50S0 and 50L0 under (a) 
four-point bending and (b) three-point bending (Reprinted with permission 
from[35]) 
 
The silicone material properties were added into the full model for simulation (Fig. 
10) after the brittle cracking model. The silicone phase was modeled with a hyperelastic 
material. The hyperelastic material setting with Marlow strain energy function was used, 
which was recommended by ABAQUS User’s Guide [48] when only one set of test data 
is available. The uniaxial test data for silicone (Sylgard 184) were obtained from the 
literature [60, 61]. The Poisson’s ratio of the silicone was set as 0.45 [62]. Figure 14 shows 
that the evaluation result of the hyperelastic model perfectly matches with the uniaxial 
engineering stress-strain data, verifying this automatically generated Marlow strain energy 
function. The full analysis was run with the explicit solver because of the requirement for 
the brittle cracking model. To save the computational time, the loading speed was set to 
be higher than the actual tests but remained in a quasi-static condition based on the rule 
that kinetic energy being less than 5% of the internal energy [63]. The viscoelastic property 





Figure 14 The fitting result of the hyperelastic model using Marlow strain energy 
function (Reprinted with permission from[35]) 
 
3.5. FEA and Experiment Comparisons 
The numerical and three repeated experimental results of type I composite were shown 
in Fig. 15 (a) and (b) for 50S and 50L, respectively. Although the samples were fabricated 
following the identical procedures as described in Chapter 2, the experimental results still 
show noticeable variations due to the uncertainties of the printing nozzle, binder, and 
powder distribution as well as the inherent defects in the brittle frame. The maximum 
forces of 50S are 7.2, 6.9, and 5.2 N; the stiffnesses are 7.2, 4.8, and 4.5 N/mm, 
respectively. For 50L, the maximum forces are 12.4, 8.9, and 5.2 N; the stiffnesses are 
15.2, 11.6, and 10.2 N/mm. Also, the first-drop points are at 0.82, 1.04, and 0.53 mm 




Despite the variations, the overall behaviors are similar among experiments in each 
case and also similar to the FEA results. In 50S, the force increases linearly at the 
beginning and transitions to a non-linear region at an almost identical point with the 
experimental results. FEA result also shows no structural damage in 50S. The force profile 
starts to fluctuate at a higher deflection due to more significant element damages and 
deletion inside the structure. For 50L FEA, there is a force drop occurs at 0.9 mm, which 
is within the range of the experimental data (0.5 to 1.1 mm). Another force drop is at 3.8 
mm. Although the second structural damage can be seen in all three experimental samples, 
they occur at different deflection levels and not as apparent as in the model. In addition, 
the gradual loss of load carrying ability after 4 mm is not reflected by the FEA after the 
second force drop. This is due to no damage criteria for the silicone material, which is the 
limitation of hyperelasticity modeling [64]. 
 
 
Figure 15 Experimental and FEA results of type I composite under four-point 





3.6. Type I Composite Damage Conditions 
Finite element models can be used to explore the material degradation during the load 
carrying cycle. The FEA-simulated bending process at three deflection levels (marked by 
points P, Q, and R in Fig. 14) are shown in Fig. 16 for both 50L and 50S. The initial 
stiffness of 50L is higher than that of 50S. The 50L has a higher overall stress level than 
that of 50S at point P (Figs. 16 (a) and (b)) before the degradation takes place. At point Q, 
50S transitions into a non-linear region, and 50L has a sudden structural damage. The 
structural damage of 50L presents in Fig. 16 (c) that releases the stress from the structure, 
leading to a lower force level. In contrast, the symmetric stress distribution of 50S in Fig. 
16 (d) indicates none or little-damaged structure. The element degradation in the structure 
is not severe enough to trigger major crack damage. At point R with a large deflection 
level (2.7 mm), more damage can be seen in 50L, such as missing elements and regional 
stress concentration. Also, asymmetric stress distribution in 50S implies more degradation 
at the bottom of the beam where the material is subjected to tensile; however, there is no 






Figure 16 Visualization of FEA results for type I composite behaviors under four-
point bending (Reprinted with permission from[35]) 
 
The silicone phase hinders the crack propagation and also provides a certain degree of 
strengthening effect due to the triaxial stress. Figure 17 shows the comparison of the 
bending behavior between a pure silicone elastomer structure and the silicone inside type 




much higher stress than that of the pure silicone structure. This is due to the fact that 
silicone is constrained in the lattice structure; the high Poisson’s ratio (0.45) leads to 
higher stress during deformation. The constraints from the surrounding brittle and stiff 
phase initiate the stress perpendicular to the stretching (tensile) direction, which forms a 
tri-axial stress condition. Therefore, although the silicone has minuscule strength 
compared to the plaster phase, the strengthening effect of silicone slightly increases the 
load carrying ability of the structure. This is evidence of the higher strength in type I 
composite compared to the pure plaster structure (Fig. 4).  
 
 
Figure 17 Simulated stress distributions of the silicone phase (a) without the 
constraint of the plaster structure (b) with the constraint of the plaster structure 
(Reprinted with permission from[35]) 
 
3.7. Model Limitations 
Although the FEA model successfully explains the bending behaviors of type I 




design optimization. In addition to the material variations from 3D printing, the following 
numerical limitations can possibly induce errors. First, the brittle cracking model does not 
incorporate compression damage. More complex loading conditions can lead to an 
inaccurate estimation from FEA. Second, the hyperelastic model has no failure definition. 
Under a large strain deformation, this can lead to a stronger and tougher structure than an 
actual one. Lastly, FEA is mesh-size dependent. Although the inverse-method-determined 
parameters (Sec. 3.4) have taken into account the mesh size effect, they may not be valid 
under excessive loadings or severe damage conditions.  
 
3.8. Conclusions 
This chapter discusses the bending behaviors of type I composite by using FEA 
method. The bending behaviors of type I composite were successfully modeled using an 
FEA method with the brittle cracking and hyperelastic material models. In comparison 
with other conventional FEA methods in crack modeling, this modeling method enabled 
the analysis with coarse and uniform mesh in the structure to represent the effect of 
microcracks inside the material. However, the model still has some limitations that require 





4. LOW-VELOCITY IMPACT BEHAVIORS OF TYPE II COMPOSITE – 
EXPERIMENTAL STUDY* 
 
This chapter∗ presents a low-velocity impact response of type II composite by using the 
experimental method. Type II composite is a structural composite consisting of a 3D-
printed lattice structure made of polylactide (PLA) and filled with a polyurethane (PU) 
foam material for improving the impact resistance. Three different PU foams, including 
one rigid foam and two flexible foams, are selected to determine the foam reinforcement 
effect. The impact tests are conducted to compare the impact attenuation, ductility, 
toughness, and strength using the measured rate of change of acceleration (known as 
“jerk”), displacement, energy absorption, and the maximum acceleration, respectively. 
The results show that the flexible foams have more positive effects on the impact 
properties than the rigid foam. The maximum reduction of jerk is about 9% compared to 
the baseline structure without foam reinforcement. The maximum displacement is 
increased by 17%; the maximum energy absorption is increased by 23%. The maximum 
acceleration remains similar for all samples. In conclusion, the foam-filled type II 
composite can retain a similar strength while enhancing the ductility and energy 
absorption.  
 
∗ Reprinted with permission from “Low-velocity impact response of 3D-printed lattice structure with foam 
reinforcement.” Kao, Y. T., Amin, A. R., Payne, N., Wang, J., & Tai, B. L., 2018, Composite 




                                                 
 
4.1. Introduction 
An ideal impact-resistive composite requires the abilities to attenuate impact and 
absorb the kinetic energy effectively. These materials can be used in applications such as 
helmets and portable electronics [65-68]. Conventionally, engineers adopt a sandwich 
structure composed of two rigid plates and a cushioning material or cellular structure in 
the middle to dampen the impact [69-72]. This is known as a structural composite. Zhang 
et al. [18] presented a different idea of the structural composite using a polyurethane-foam-
filled pyramidal lattice. The results showed that the specimen with foam-filled core had a 
significant improvement of energy absorption in compression tests compared to those with 
an unfilled core, but the improvement of impact properties was little. Although this kind 
of structural composite shows preferable mechanical properties, this pyramidal lattice core 
sandwich panel requires complex manufacturing methods, such as slot-fitting and an 
adhesive method [21, 22, 73], extrusion and electrical discharge machining [23], or a 
perforating technique [24, 25].  
With the emergence of additive manufacturing technologies, the manufacturing 
processes of complex structural composite has become more accessible, even with more 
material options. 3D printing-built structural composite was demonstrated in the previous 
chapters. A binder-jetting printer was used to build a brittle and hard lattice frame, and the 
frame was impregnated with a silicone elastomer to enhance the toughness. The elastomer 
slowed down crack propagation in the frame structure, thus preventing a rapid brittle 
fracture. The mechanical properties could be significantly altered by the composition ratio 




This chapter focuses on the impact behaviors of type II composite when a cushioning 
material is used as the reinforcement. The frame structure is made of polylactide (PLA) 
because of its wide accessibility and reasonable strength and ductility. Polyurethane (PU) 
foams are selected because of the cushioning characteristics. Foams are also light in 
weight and can create a strong bonding with PLA to avoid material de-cohesion. The drop-
weight test is adopted to evaluate the impact responses of type II composite.  
4.2. Materials and Methods 
4.2.1. Type II composite Materials and Specimen Preparation 
Type II composite is a lattice structure composed of a 3D-printed PLA frame 
impregnated with foam. A fused deposition modeling (FDM) 3D printer, Dreamer 
(Flashforge, Zhejiang, China), is used to create the PLA frame. The type II composite 
design, as shown in Fig. 18 (a), is based on a 6.5 mm unit cube to form a beam structure 
with dimensions of 13 mm by 13 mm by 149.5 mm. The length and width are following 
the ASTM D7264 [36] standard for three-point bending test, and the thickness is designed 
to fit two complete unit cells. The void-to-solid ratio of each unit cell determines the 
volume fraction of the foam in a type II composite. This volume fraction is set to be 50% 
as a control variable in the experiment. After printing, the foam is added to the frame by 
a molding process, which refers to “impregnation.” The mold consists of two pieces, as 
shown in Fig. 18 (b), with the top one having through-slots to fit type II composite samples. 
The plates are clamped together to avoid movement during the curing process. This mold 




demold the cured sample. Fig. 19 shows the manufactured type II composite samples with 
three different foams.  
 
 
Figure 18 Type II composite fabrication: (a) the unit-cell design and (b) the molding 
method (Reprinted with permission from[74]) 
 
 
Figure 19 Manufactured type II composite samples with three different types of PU 




Three foams are selected from Smooth-on Inc. (Macungie, PA) to reinforce the lattice 
structure. Foam-it 8 (denoted as FI-8) is relatively light, porous, but is more brittle. 
FlexFoam-it 17 (FF-17) and FlexFoam-it 25 (FF-25) are both flexible foams but much 
denser than FI-8. To quantitatively determine their individual mechanical properties, they 
are made to a dog-bone shape, as shown in Fig. 20, for a uniaxial tension test following 
ASTM D3574. Table 2 lists the tensile testing results, including a printed PLA. FI-8 has 
the elastic modulus ten times lower than that of PLA, but higher than those of FF-17 and 
FF-25 by a magnitude of two. FI-8 has an extremely low tensile strength and toughness 










Table 2 Mechanical properties of the materials determined by the uniaxial tension 












PLA 1358.10 29.39 0.030 551200 1.27 
FI-8 140.15 0.45 0.003 700 0.13 
FF-17 1.54 1.67 1.054 851700 0.27 
FF-25 1.52 1.33 0.824 596100 0.40 
 
4.2.2. Experimental Setup and Design 
Figure 21 shows the setup of the low-velocity drop weight test used in this study. The 
low-velocity impact typically has an impact velocity less than 10 m/s for the target 
applications such as helmets and portable electronics. The three-point bending 
configuration follows the ASTM D7264 [36]. An integrated electronic piezoelectric 
triaxial accelerometer (Type 8766A, Kistler, Switzerland) is used for measuring the 
acceleration because of its high-sampling rate compared to the conventional capacitor-
based accelerometers. The signal is captured through an amplifier (Type 5165A4, Kistler, 






Figure 21 Design and actual setup of the drop-weight impact test (Reprinted with 
permission from[74]) 
 
Typically, a drop test can be designed to measure the energy absorption by breaking 
the sample or stopping the impactor on the sample to determine the impact attenuation. 
Provided the high-sampling-rate capability, it is possible to obtain both the energy 
absorption and attenuation in a destructive drop test. Therefore, in this study, all specimens 
are tested at a drop height of 228.6 mm (9 in), which has been tested to be sufficient to 
break all the samples. The impact velocity is about 2.12 m/s without considering air drag 
force and friction on the drop system. A high-speed camera (Phantom Miro Lab310, 
Vision Research, Wayne, NJ) is used to capture the point of contact, crack initiation, and 
sample failure at a frame rate of 35,000 per second. The images are used to cross-compare 




frame rate, shutter time, and light setting are selected to obtain valid experimental 
outcomes.  
In the experiments, type II composite samples with three different foams are compared 
to a pure type II frame with no impregnation as the baseline. A total of 15 samples are 
tested for each type II composite to minimize the experimental uncertainties and 
variations. Four impact properties are extracted from the acceleration data, including the 
maximum acceleration, the rate of change of acceleration (known as “jerk”), energy 
absorption, and the maximum displacement. The data processing methods are detailed in 
the next section. 
 
4.2.3. Data Processing and Analysis 
A typical example of the filtered acceleration data obtained from the data acquisition 
system is shown in Fig. 22 (a) (the a-t curve). The impact region considered in this study 
is from Point A to Point C. Point A corresponds to the impact starting point, which is the 
moment when the impactor contacts the specimen. Point B is the maximum acceleration 
during the test, which is also the maximum force acting on the structure. Jerk (m/s3) can 
be calculated from a linear regression from Point A to Point B. Point C is the specimen 
failure, which occurs almost immediately after Point B. The duration of the impact is 







Figure 22 An example of data processing: (a) acceleration-time curve and (b) force-
displacement curve (Reprinted with permission from[74]) 
 
To find the energy absorption, the acceleration-time curve is converted to a force-




(V0) of the impactor at the impact starting point (Point A) by Eq. (1) assuming a free-fall 
condition.  
𝑉𝑉0 = �2𝑔𝑔ℎ (1) 
The initial velocity is 2.12 m/s given the height h of 228.6 mm (9 in) and g = 9.81 m/s2. 
Second, the velocity 𝑉𝑉 at an instantaneous time 𝑡𝑡𝑥𝑥 can be calculated by 
𝑉𝑉(𝑡𝑡𝑥𝑥) = 𝑉𝑉0 − ∫ 𝑎𝑎(𝑡𝑡)
𝑡𝑡𝑥𝑥
0 𝑑𝑑𝑡𝑡    (2) 
where 𝑎𝑎(𝑡𝑡) is the time-series data of acceleration of the impactor. The negative sign means 
that the acceleration is in the opposite direction to the velocity. The time 𝑡𝑡𝑥𝑥 is based on 
the beginning of the impact. The third step finds the displacement 𝑑𝑑 at a given time 𝑡𝑡𝑥𝑥 
using Eq. (3). 
𝑑𝑑(𝑡𝑡𝑥𝑥) = ∫ 𝑉𝑉(𝑡𝑡)
𝑡𝑡𝑥𝑥
0 𝑑𝑑𝑡𝑡 (3) 
Lastly, the impact force 𝐹𝐹 conversion is using Newton’s second law, such that 
𝐹𝐹(𝑡𝑡𝑥𝑥) = 𝑚𝑚𝑎𝑎(𝑡𝑡𝑥𝑥) (4) 
where 𝑚𝑚 is the mass of the impactor carrier, including the impactor, sliders, aluminum 
bar, and the accelerometer. In this study, the total mass of the impact system is around 1.4 
kg. The converted force-displacement (F-d) curve of Fig. 22 (a) is shown in Fig. 22 (b). 
The a-t and F-d curves are similar here because the velocity drop during this impact is 
small (~15%), the displacement change is almost linear with time. The maximum 
displacement is the point at which the force drops to zero. To be noted that this 
displacement is not necessarily equal to the beam deflection since the impact may cause 




For each drop test, the impact properties, including jerk, maximum acceleration, 
energy absorption, and the maximum displacement, can be extracted from a-t and F-d 
curves. A total of 15 tests are repeated for each sample, including the baseline pure type 
II frame. The Dunnett’s test [75] is used for statistical comparison since it is more rigorous 
than t-test when comparing any two independent variables in a multiple comparison 
procedure. The analysis is tested at the 95% significance level (i.e., p-value = 0.05). The 
error bar corresponds to one standard error. 
 
4.3. Experimental Results 
The impact properties are compared in this section. The jerk represents the ability to 
attenuate an impact shock. The maximum displacement is the combination of local 
deformation and global deflection, which are related to the modulus of elasticity and 
bending stiffness, respectively, during an impact. Energy absorption defines the impact 
toughness. The maximum acceleration represents the maximum force carried by the 
structure, meaning the material strength.   
4.3.1. Results of Impact Properties 
Fig. 23 shows the maximum displacement of the impactor for each type II composite. 
Flexible foams, FF-17 and FF-25, increase the maximum displacement by 17% and 16%, 
respectively, compared to the baseline pure type II frame. This result indicates that flexible 
foams, when having sufficient ductility, can reduce the impact shock and thus allow more 
strain in the PLA frame. On the contrary, the rigid foam FI-8 reduces the level of maximum 




tendency to reduce the maximum displacement is due to the high stiffness and low 
ductility of FI-8 that decrease the overall structural flexibility. 
 
 
Figure 23 Maximum displacement of type II composite samples. * represents a 
statistical significance (p < 0.05) compared to pure type II frame. (Reprinted with 
permission from[74]) 
 
The results of energy absorption for type II composite samples are shown in Fig. 24. 
The flexible foam FF-17 increases the energy absorption by 23%, which is the highest 
among the three foam materials and the only one having a statistically significant 
difference from pure type II frame. This is likely because of that FF-17 has the highest 
toughness and strength among the three foams. Although not as much, FF-25 also 
increases energy absorption by 17%. This can be explained by that the toughness of FF-
25 is slightly lower than that of FF-17. Opposed to the flexible foams, the rigid foam FI-





Figure 24 Energy absorption of type II composite samples. * represents a statistical 
significance (p < 0.05) compared to pure type II frame. (Reprinted with permission 
from[74]) 
 
Fig. 25 shows the results of the maximum acceleration of each type II composite. 
Generally, adding another foam material can increase the maximum acceleration because 
the material becomes stronger. However, according to the results, the increase is negligible 
and not statistically significant. This indicates that the PLA frame till dominated the 
strength of type II composite, and the foams do not make as a significant effect on the 







Figure 25 Maximum acceleration of type II composite samples. * represents a 
statistical significance (p < 0.05) compared to pure type II frame. (Reprinted with 
permission from[74]) 
 
The results of the jerk for type II composites are shown in Fig. 26. The results indicate 
that impregnating a foam into a pure type II frame significantly changes the ability to 
attenuate impact. The flexible foams, FF-17 and FF-25, reduce the jerk about 9% with 
statistical significance (p-value < 0.05), but the difference between the two materials is 
negligible. However, the rigid foam (FI-8) has the opposite effect. It increases the jerk by 





Figure 26 Jerk of type II composite samples. * represents a statistical significance (p 
< 0.05) compared to pure type II frame. (Reprinted with permission from[74]) 
 
4.3.2. Results from High-speed Images 
Multiple images are extracted from the high-speed camera to compare the impact 
behaviors at three instantaneous moments: the contact point between the impactor and the 
specimen, the point when the first crack is observed, and the point of a complete failure. 
These images are sorted in Fig. 27. With flexible foams (FF-17 and FF-25), the crack 
propagates steadily from the bottom of the structure towards the top surface. However, 
with the rigid foam FI-8, the crack initiates and propagates without any particular 
direction. This phenomenon is also seen in pure type II frame. In addition, FI-8 is so brittle 
that can initiate multiple cracks at impact. FF-17 and FF-25 are relatively ductile and 





Figure 27 High-speed images at different instantaneous times during impact for 
type II composite with (a) FF-17 (b) FF-25 (c) FI-8 and (d) pure type II frame 
(Reprinted with permission from[74]) 
 
Fig. 28 shows the side-by-side comparisons of impact time duration among these 
cases. The flexible foams, FF-17 and FF-25, significantly increase the durations of contact 
to crack initiation and crack initiation to failure. Because of the cushioning effect of these 
flexible foams, it takes a longer time to reach the maximum strength of PLA prior to 




flexible foams act as an impediment to prevent the cracks from propagating rapidly 
through the structure. Although the rigid foam FI-8 makes the specimen behaves 
differently compared to the pure type II frame, the difference is negligible. This is because 
FI-8 fails at a lower strain level than PLA.  
 
 
Figure 28 Time duration of impact (a) from contact to crack initiation (b) from 
crack initiation to failure. * represents a statistical significance (p < 0.05) compared 




The high-speed images were also used to verify the accuracy of the filtered a-t curves 
from the accelerometer. The total time duration of impact from the high-speed camera is 
less than 2 % different from the time in the a-t curves (Point A to C in Fig. 22(a)).  
4.4. Discussion 
4.4.1. Material selection criteria  
The impact properties measured in this study include jerk, maximum acceleration, 
maximum displacement, and energy absorption. These properties are found highly 
dependent on the mechanical properties of the foam. Based on the experimental results, a 
general guideline for selecting a proper foam is concluded below. 
For the applications that require a low jerk response, the material must have a much 
lower elastic modulus than that of the frame. This approach avoids increasing the overall 
stiffness of type II composite, which is proportional to the impact shock. Both flexible 
foams in this study (FF-25 and FF-17) have an elastic modulus about 100 times lower 
than that of PLA. Therefore, they can decrease the jerk.  
A flexible and viscoelastic foam also protects the PLA frame from immediate impact 
fracture by slowing down the stress wave and abrupt crack propagation. The foam must 
have a much higher ductility than PLA to tolerate excessive local deformation. In this 
study, FF-17’s fracture strain is 35 times higher, and FF-25’s is 27 times higher than that 
of PLA. For the same reason, the rigid foam (FI-8) does not increase the maximum 
displacement due to its brittleness. Consequently, the additional energy absorption by the 




The maximum acceleration represents the maximum force taken by the structure prior 
to fracture, so it also represents the structural strength under impact. There is no statistical 
difference among these tested type II composite samples because the foams are much 
weaker than PLA (about 5% of the PLA’s strength). The PLA frame carries the major 
load.  However, a slight increase can be seen with FF-17 and FF-25 due to their ability to 
allow more deformation on the PLA frame as previously mentioned.  
Lastly, it should be mentioned that a strong bonding strength between foam and frame 
material is necessary to maximize a type II composite’s impact properties. A strong 
bonding allows the cushioning material to carry the stress wave from the impact 
effectively. In a past study, Amin et al. [76] showed that impregnating a silicone 
viscoelastic material as the cushion does not have any influence on the impact behaviors 
because of its weak bonding between the silicone and the PLA. In comparison, PU foam-
PLA bonding is sufficient. Although there are a few local interfacial failures near the 
cracking path, no noticeable de-cohesion is found. 
4.4.2. Necessity of structural design 
Although this chapter focuses on the material effects on the impact properties, it should 
be noted that the structural design plays a significant role in the material performance of 
the type II composite. When the foam is flexible, the frame structure dominates the 
bending stiffness by its elastic modulus and the moment of inertia. The structural change 
will also affect impact properties via various mechanisms. To further demonstrate the 
potential of type II composite, this section presents a simple test that compares the solid 




17) and composition ratio (50%). These samples are shown in Fig. 29, followed by the 
impact testing results in Fig. 30.  
 
 
Figure 29 Samples of type II composite with FF-17, sandwich structure, and solid 
PLA bar (Reprinted with permission from[74]) 
 
Undoubtedly, the solid PLA bar has the highest acceleration and the highest jerk 
because of its high stiffness. The impact shock could be substantial on the solid PLA. On 
the other hand, the sandwich structure with 50% foam material has the lowest acceleration 
and jerk, indicating a significant damping effect. It also has the largest amount of energy 
absorption due to a much higher local deformation on the top of the sample. However, as 
a trade-off, the sandwich structure has the weakest structural strength and stiffness. Also, 
the properties of the sandwich structure are anisotropic; its performance depends on the 
direction of impact. If the sample is rotated axially by 90˚, all impact properties will 
change as the foam does not increase any local deformation on the top of the specimen in 




In comparison, type II composite offers a compromise to balance between the 
structural strength, stiffness and the impact attenuation. Also, type II composite is 




Figure 30 Comparisons of impact results among type II composite, sandwich 
structure, and solid PLA: (a) Jerk (b) Maximum displacement (c) Energy 
absorption and (d) Maximum acceleration (Reprinted with permission from[74]) 
 
The application and needs drive the structural design of the type II composite. 








This chapter presents the effects of material selection on the impact properties of the 
type II composite. Three different foams are selected with a 3D-printed PLA lattice frame. 
The experimental results show that different foams affect the impact properties differently 
and do not always show improvement. The main findings are summarized as follows. 
First, to reduce the impact shock, the foam must have a low elastic modulus not to change 
the overall structural stiffness. The viscoelasticity of the foam can aid more energy 
dissipation and stabilize crack initiation and propagation. Second, to improve the energy 
absorption, the foam must have a high ductility to allow excessive local and global 





5. LOW-VELOCITY IMPACT BEHAVIORS OF TYPE II COMPOSITE – 
NUMERICAL STUDY 
 
This chapter presents a finite element analysis (FEA) on low-velocity impact response of 
a foam-filled lattice composite. The composite consists of a 3D printed polylactide (PLA) 
lattice frame and a polyurethane (PU) foam cast into the lattice space. A prior experimental 
study showed that the PU foam could increase the overall structural ductility and energy 
absorption during an impact at 2.12 m/s. To explain these phenomena, the FEA adopts an 
elastic material model for the PLA frame and a viscoelastic model for the PU foam to 
simulate the impact process. The results show that, although the foam does not 
significantly increase the stiffness and strength of the composite, it can redistribute the 
stress on the PLA frame, thereby enhancing the structural ductility. 
5.1. Introduction 
Additive manufacturing (also known as 3D printing) can create complex structures, 
reduce material waste, and accelerate manufacturing under low-volume production. 
Recently, using additive technologies to manufacture composite materials has drawn a lot 
of attention [77-82]. Composite materials are preferable in many engineering applications 
because of the high specific strength, excellent corrosion properties, and improved fatigue 
properties. 3D-printed composite research has been focused on particle reinforced 
composite materials [30, 83, 84] and fiber-reinforced composite [85, 86]. Some studies 
also used 3D printing for structural composites, such as sandwich structure [87, 88], 




In the previous chapter, a structural composite composed of a 3D printed polylactide 
(PLA) lattice structure and a polyurethane (PU) foam filling was introduced for enhanced 
impact properties by taking the advantages of the compliance of the lattice structure and 
cushioning of the foam. The results under a low-velocity impact (2.12 m/s) showed that 
after the foam addition, the structural deflection could increase by 17%, the energy 
absorption can increase by 23%, and the jerk (the rate change of acceleration) can reduce 
slightly by 9% before structure failure. Although the study has successfully demonstrated 
the positive effects of foam filling, the reinforcement mechanism is still not well 
understood because, unlike other composite materials having a strong second phase for 
reinforcement, the PU foam is significantly softer than the PLA frame. Therefore, the 
objective of this study is to find the underlying mechanism for the enhanced impact 
performance. 
Finite element analysis (FEA) is adopted in this chapter as it has been used to analyze 
3D printed structural composites [92, 93]. L. Wang et al. [94] investigated the macroscopic 
mechanical properties of a 3D printed periodic glass polymer/elastomer co-continuous 
composite by using representative volume elements with FEA. The elastic-viscoplastic 
material model was used on the glassy polymer, and the hyperelastic material model was 
used on the elastomer. The uniaxial compression results showed that the mutual 
constraints between two phases of the composite lead to multiple cracks. M.R. Mansouri 
et al. [95] used experimental and finite element methods to analyze a fused deposition 
modeling (FDM) made the co-continuous composite. The FEA included two different 




the composite hindered the shear band development, so that the composite can undergo a 
higher strain without failure. Despite successful FEA, these works were all under a quasi-
static condition, while the structural behavior can be more complicated under a dynamic 
event like impact. For example, structural vibration can lead to large stress concentration; 
materials are strain-rate dependent.  
In this chapter, the type II composite is modeled with two sections. The first section, 
PLA lattice frame, is modeled as an elastic material with its properties determined using 
an inverse method to account for the printing quality. The second section, PU foam, is 
modeled as a viscoelastic material using Prony series with the coefficients determined by 
relaxation tests. Several assumptions are made in this work to increase the model 
efficiency, including model isotropy, constant Poisson’s ratio, and no interfacial 
detachment, which will be justified in a later section.  
 
5.2. Model setup and parameters 
This section presents the setup and parameters of the FEA model. The model was 
constructed using ABAQUS (version 6.14-2) to simulate the low-velocity impact 
behavior.  
5.2.1. Model geometry and boundary conditions 
In the experiment, the lattice composite was created with a 3D printed PLA frame and 
filled with a PU foam (FlexFoam-iT 17, Smooth-on Inc.), as shown in Fig. 31(a). The 
dimensions were 13 mm by 13 mm by 149.5 mm. The composite samples were subject to 




diameters of the impactor and support pins were all 10 mm. The drop height was 228.6 
mm (9 in), and the initial impact velocity was 2.12 m/s. With a total mass of 1.4 kg, the 
momentum at impact was calculated to be 2.97 kgm/s. 
 
 
Figure 31 (a) 3D printed PLA frame and composite (b) the drop-weight impact test 
setup 
 
The corresponding FEA model is created (Fig. 32), which consists of PLA frame and 
PU-foam. The elements with white and green colors represented the PLA frame, and the 
red elements were the PU foam. A cubic brick element (C3D8I) with 0.40625 mm unit 
length was chosen throughout the model to ensure the compatibility across the two 
materials. A perfect bonding was assumed between the PLA and foam material based on 
the experimental observation that no delamination occurred prior to structural fracture. A 




numerical instability, for which μ = 0.05 was used [96, 97].  The top and bottom pins were 
both rigid bodies. The EXPLICIT solver was used to solve this problem in two steps: In 
Step 1, an initial velocity of 2.12 m/s and a 1.4 kg weight were assigned to the top pin to 
provide the momentum correspondent to the experiment at the initial contact. In Step 2, 
the gravitational acceleration, 9.81 m/s2, was applied to the whole model to simulate a 
free-fall condition during impact. The movement of the bottom pins was fixed in both 
steps, and that of the top pin is limited to the gravity direction (Y-axis) only.  
 
 
Figure 32 FEA model configuration for type II composite 
 
5.2.2. 3D printed PLA lattice structure 
3D-printed PLA is known to have different mechanical properties from those of the 
bulk form, and these properties are often anisotropic and strain-rate dependent. Therefore, 
an inverse method was used to experimentally determine an equivalent modulus of 





To estimate the PLA’s properties under a high strain rate, the three-point bending test 
results under various bending speeds are shown in Fig. 33, which were obtained using a 
United Universal Testing Machine following ASTM D7264 [36]. The selected speeds of 
the crosshead pin were 1.27 mm/min, 127 mm/min, 508 mm/min, and 1270 mm/min (the 
highest possible speed). As shown, the loading rate had a small effect on the elastic 
modulus, but it significantly influenced the plastic deformation, ductility, and strength. 
For samples deforming under a lower loading speed, the results had a large plastic 
deformation region and a lower point. As the speed increased, PLA behaved more brittle 
and stiffer but showed no significant difference after 508 mm/min. Therefore, although 
the actual impact speed is much higher than the instrument limit, the data under the speed 
of 1270 mm/min was considered converged to represent the properties of the PLA frame 
under high strain rates.  
 
 





The properties to be determined by the inverse method included the modulus of 
elasticity and strength. Each parameter was searched based on the two-digit accuracy 
Golden Section method with the least-square regression fitting. Note that an isotropic 
material was assumed despite the anisotropy of actual 3D printed parts because the 
dominant modulus is in X-direction in bending (Fig. 32) and the test configuration is the 
same as the impact experiment. Similarly, although the strength can be anisotropic, the 
structure would always fail when the stress reaches the lowest tolerable strength. Thus, 
only one strength is needed to describe the behavior before the structural damage. 
However, unlike a typical ductile material, a printed PLA does not have the same tensile 
and compressive strengths. According to Y. Song et al. [98], the compressive strength is 
about 1.75 times higher under a strain rate of 2.5 × 10-4 s-1. Since the ductile material 
model in FEA generally cannot define different tensile and compressive strengths, the 
PLA frame was separated into two sections in the FEA model (Fig. 32), where the top 
section was defined with the same modulus but higher strength. Note that, a higher 
compressive strength does not affect the maximum force at structural failure because the 
tensile strength is reached first on the bottom section. However, this step is necessary 
because, without a higher compressive strength in the top layer, the lattice structure fails 
from the top due to a high strain rate contact in the simulation, which is not seen in any of  
impact tests (Fig. 35). Based on the inverse results, the obtained modulus is 2300 MPa, 
and tensile strength is 64 MPa. The compressive strength is set as 112 MPa (1.75 times 






Figure 34 The FEA model configuration for 3D printed frame 
 
 







Figure 36 The comparison between the FEA and experiment three-point bending 
test 
 
5.2.3. PU foam  
The PU foam is modeled by the Prony-series viscoelastic model. The Prony series is 
determined by a compressive stress relaxation test on a universal test system (MTS Insight 
30) following the ASTM E328 [6] for a 20 mm diameter and 40 mm height cylindrical PU 
sample. In the experiment, the foam cylinder sample was rapidly compressed to 9% strain 
and remained at the same strain level to measure the relaxation modulus. The Generalized 
Maxwell model for the curve fitting is shown in Eq. (5) 
𝐸𝐸(𝑡𝑡) = 𝐸𝐸0 + 𝐸𝐸1𝑒𝑒−𝑡𝑡/𝜏𝜏1 + 𝐸𝐸2𝑒𝑒−𝑡𝑡/𝜏𝜏2 + 𝐸𝐸3𝑒𝑒−𝑡𝑡/𝜏𝜏3          (5) 
where 𝐸𝐸(𝑡𝑡) is the elastic modulus at time 𝑡𝑡, 𝐸𝐸0 is the long-term elastic modulus, 𝐸𝐸𝑖𝑖 is the 
material constants, and 𝜏𝜏𝑖𝑖 represent the relaxation time. The obtained parameters are listed 




assumed a constant value (0.33) because the expected deformation is small. In addition, 
since the frame will always fail before the PU foam, damage criteria of the foam are not 
considered. 
 
Table 3 The obtained parameters of the Maxwell model 
Variables Parameters 
𝐸𝐸0 (MPa) 0.6185 
𝐸𝐸1 (MPa) 0.1379 
𝐸𝐸2 (MPa) 0.0812 











5.3. Model sensitivity analysis 
This section presents the sensitivity study of multiple assumptions used to simplify the 
model, including mesh size, compressive strength, and Poisson’s ratio to ensure the model 
robustness.  
5.3.1. Mesh size 
The mesh size of 0.40625 mm was used in the simulation model. To ensure a proper 
mesh, the convergence study was conducted on the composite model based on the 
acceleration data at the top pin (i.e., the impactor). Different mesh sizes of 0.8125 mm, 
0.40625 mm, 0.2708 mm, and 0.2031 mm were tested, and the results are overlaid in Fig. 
38 throughout the impact duration. All cases have a similar acceleration response. 
Although a finer mesh tends to increase the failure time (from 0.003354 to 0.003498 s), 
the difference is minimal compared to the entire impact duration. The failure point change 
is less than 0.000064 s after the mesh size is down to 0.40625 mm. Note that, such a large 






Figure 38 The mesh convergence test of the type II composite model 
 
5.3.2. Compressive strength 
As mentioned in Section 5.2, the top section of the PLA frame is defined with a higher 
compressive strength to prevent unrealistic failure from the local deformation and stress 
concentration at the impactor-workpiece contact. The value of 1.75 was adopted from a 
published work, but it could vary from one case to another. Although this value should 
theoretically not change the structural response (as the modulus remains the same) nor the 
failure point at the tension section, a sensitivity study was conducted to confirm that this 
scaling factor had no direct effect on the acceleration data. Fig. 39 shows the results with 
the factor ranging from 1.5 to 3. As seen, adding a scaling factor for the compressive 






Figure 39 The compressive yield strength scaling factor sensitivity test of the 3D 
printed PLA lattice structural model 
 
5.3.3. Poisson’s ratio 
The Poisson’s ratio of PU foams is usually a non-linear function of strain [99], but it 
was assumed to be a constant in the model under the assumption of small deformation 
inside the composite structure. To ensure this constant ratio not to affect the acceleration 
data, different Poisson’s ratios (0.2, 0.33, and 0.49) were tested and compared. As shown 
in Fig. 40, the difference among acceleration-time curves of different Poisson’s is nearly 
none, which proves that the effect is negligible in this particular case. This can be 
explained by the fact that the stiffness of the PU foam is much lower than that of the 3D 
printed PLA, so the PLA frame dominates the overall mechanical stiffness regardless of 






Figure 40 The sensitivity test of the PU foam’s Poisson’s ratio 
 
5.4. Model results and comparison with experimental data 
In this section, FEA-simulated acceleration data is compared with the experimental 
data to validate the model, and then the model is used to explain the underlying mechanism 
of the improved impact properties. 
5.4.1. Acceleration response 
The acceleration-time (a-t) data from FEA models of the PLA frame and the composite 
are shown in Figs. 41(a) and (b), respectively, and they are overlaid on 10 individual 
experimental data from the drop-weight test. To be noted that, unlike the FEA data in the 
sensitivity study, the data here are filtered by using the Butterworth method to be 
consistent with the experiments. In the experiments, raw data contained not only structural 




distinguishing the differences. Filtering was necessary for the experimental study to see 
the acceleration change and to measure the impact performance quantitatively.  
In Figs. 41(a) and (b), the red line represents the averaged failure point of all 
experimental tests, and the green lines, σ, represent one standard deviation from the 
average. The failure point of both FEA models falls within one standard deviation range 
of the experimental data. The failure time indicates the structural deformation and 
ductility. It is clear that, after adding the foam, the structure possesses extended impact 
tolerance. The predicted extension in FEA was from 0.00326 s to 0.00347 s (about 6.4% 
increase), while that from the experiments was 0.00319 s to 0.00367 s (about 15% 
increase), on average.  
The maximum acceleration and acceleration rate of the FEA data were both lower than 
that of the experimental data, which imply that the modulus of the PLA frame obtained 
from the inverse method may be underestimated with the loading rate used. Nonetheless, 
the discrepancy in modulus does not necessarily affect the failure point prediction since 
the impactor has a sufficient momentum not to be slowed down by the stiffness of the 
frame structure. In other words, the impact duration (i.e., structural deflection rate) is the 
same regardless of the modulus. Overall, the a-t curves of both FEA and experiments show 














5.4.2. Impact properties 
Four measures are used to describe impact performance include maximum deflection, 
maximum acceleration, energy absorption, and jerk (acceleration rate), which are termed 
impact properties. The maximum deflection indicates the structural ductility; the 
maximum acceleration indicates the impact force. The energy absorption represents the 
structural impact toughness; the jerk indicates the attenuation of an impact shock. These 
four properties are obtained by the a-t curve and the force-deflection curve integrated from 
the a-t data [74].  
Figure 42 shows the results of the maximum deflection before structural failure 
between the experiment and FEA. The experiment shows that, after adding PU foam into 
the PLA lattice structure, the maximum deflection increases by 1.13 mm (17%), which 
implies a more ductile behavior of the structure. While the increase of deflection is only 
about 0.51 mm (7.5%) in FEA, it falls in the 95% confident interval of the experimental 
data considering the variations. Despite the small discrepancy, the phenomenon of delayed 






Figure 42 The maximum deflection of the type II composite and the PLA lattice 
structure 
 
The results of the maximum acceleration are shown in Fig. 43. The experiment shows 
a 9.7 m/s2 increase (7.6%) after adding the foam, though the difference was not 
statistically significant. The FEA shows a similar increasing trend in the maximum 
acceleration by 2.44 m/s2 (2.4 %), but FEA had a lower level of acceleration compared to 
that of the experiments. This may be due to an underestimated modulus of PLA material  
from the inverse method, which leads the structure to behave less stiff. Nonetheless, the 
modulus discrepancy does not affect the overall structural behavior because of nearly no 
momentum change of the impactor during the test. In other words, the displacement-time 
curves are nearly identical between the experiment and FEA (as evidenced in Fig. 42). 






Figure 43 The maximum acceleration of the type II composite and the PLA lattice 
structure 
 
Figure 44 shows the results of energy absorption obtained by the integrated force-
displacement curve. After adding the foam, the energy absorption increased by 0.11 N∙m 
(21.6%) in the experiment and 0.06 N∙m (17%) in FEA. The increase in energy absorption 
is the consequence of both higher deflection and maximum force (acceleration) taken by 
the composite structure as shown by Fig 42 and Fig. 43 respectively. The lower magnitude 
of energy absorption in the FEA model is due to the accumulation of the underestimated 





Figure 44 The energy absorption of the type II composite and the PLA lattice 
structure 
 
For the results of the jerk (Fig. 45), interestingly, the foam had an opposite effect 
between the experiment and FEA. Adding the foam decreases the jerk by about 7% in the 
experiment. However, in FEA, the jerk increased by 2%. In theory, the rate of acceleration 
should always be proportional to the stiffness of the object. The softer the object is, the 
less the acceleration changes. Therefore, the jerk should always be higher, as described in 
FEA, whenever there is additional material in the structure. The opposite experimental 
result, though small, may be due to the imperfection of samples. As shown in Fig. 31 (a), 






Figure 45 The jerk of the type II composite and the PLA lattice structure 
 
5.4.3. Stress distribution analysis 
Stress distribution was visualized to explain the reason behind the improved impact 
properties. Since the impact is a highly dynamic event where the structure not only bends 
but also vibrates during the impact, the stress distribution can fluctuate both temporally 
and spatially, resulting in difficulty comparing two structures at a certain time or 
displacement. Therefore, two characteristic points, initial bending stage and fracture, are 
identified for a fair comparison, as shown in Fig. 46(a). The initial bending stage is defined 
at the first peak of the a-t curve. That is, a pure bending occurs during this initial bending 
stage. Fracture is defined at the point right before the structural failure and acceleration 
drops to zero. The stress distribution is compared at the center region of the bar from the 





Figure 46 (a) The definition of initial bending stage and the point right before the 
fracture (b) the definition of front view and bottom view 
 
Von Mises stress map was created at the initial bending stage, as shown in Fig. 47. 
Figures on the top row are the composite material, and those on the bottom row are the 
PLA lattice structure. From both the side and the bottom views, the stress distribution 
patterns were similar between the two cases. However, the lattice structure had more high-
stress areas (in the grey color) compared to the composite, especially from the bottom 
view. Also, the maximum stress level of the lattice structure was around twice higher than 
that of the composite, which occurred at the impactor-sample contact area. All these 







Figure 47 The stress distribution under the initial impact (a) Type II composite – 
front view (b) Type II composite – bottom view (c) PLA lattice structure – front 
view (d) PLA lattice structure – bottom view 
 
To further confirm the foam redistributing, rather than taking, the stress acting on the 
frame, Fig. 48 shows the stress distributions of the two constituent materials in the 
composite individually at the initial bending stage. For the foam material (Fig. 48(a)), the 
maximum Von Mises stress was 0.054 MPa, while that of the PLA lattice structure part, 
was 38.49 MPa (Fig. 48(b)), which was significantly higher than the foam material. This 
substantial difference indicates that the foam material does not share much load from the 
frame; instead, the network of the PU foam allows to bridge the open areas in the lattice 






Figure 48 Mechanical responses of the composite material (a) the foam material 
part inside the type II composite (b) the PLA lattice frame part inside the type II 
composite 
 
The stress distribution immediately before the fracture of the PLA lattice structure and 
the composite are shown in Fig. 49. To be noted that, the foam-filled composite deflects 
more than the PLA frame before it fails. It can be seen that, at the onset of fracture, the 
stress distribution of the composite was more even than that of the PLA lattice structure. 
The bottom view of the PLA frame (Fig. 49(d)) shows large stress variation across the 




observation also explains the reason why the composite can take more deflection before it 
fractures (Fig. 42). Also, since the composite tolerates more deflection, a higher maximum 
force (Fig. 43) is needed to fracture the specimen. 
 
Figure 49 The stress distribution immediately before the fracture (a) Type II 
composite – front view (b) Type II composite – bottom view (c) PLA lattice 
structure – front view (d) PLA lattice structure – bottom view 
 
5.5. Model limitations 
The following limitations are applied to this model, but they do not necessarily 
influence the results obtained. First, there are no failure criteria specified for the foam 
material. The fracture of the composite includes three steps, crack initiation, crack 
propagation, and the fracture. Since the post-failure behavior is not currently of interest, 
the FEA model only predicts the step of crack initiation (on the frame) due to the 
complexity in modeling foam degradation and failure. Second, the mechanical properties 
for the 3D printed PLA do not represent the directionality, interlayer bonding, and strain-




inverse method with an identical bending configuration, they are sufficient to describe the 
structural behavior. Certainly, for more general simulation or other impact configurations, 
these properties should be measured experimentally. Lastly, the inconsistency and 
resolution of 3D printing are not taken into account. The FEA model was built based on 
the CAD model, while the actual printed part might contain geometrical imperfection, 
especially in small features. These errors could cause simulation discrepancy. It should be 
noted that the current FEA model is not a complete mechanistic model to predict all elastic 
and non-elastic behavior, material degradation, and failure; instead, it is aimed to explain 




This chapter used FEA to explain the foam reinforcement effect of the 3D printed 
lattice composite under a low-velocity impact. An elastic material model was applied to 
the 3D printed PLA frame, and a viscoelastic material model was applied to the PU foam 
material. The FEA results suggest that, although the modulus of the foam material is 
significantly lower than the PLA (in the order of three), it can redistribute the stress during 
impact. In other words, the PU foam does not enhance the total stiffness and strength 
directly, but it extends the failure of the structure by tolerating more deflection, thereby 
enhancing the total energy absorption. The future work will be focused on addressing the 





6. CONCLUSIONS AND FUTURE WORK 
 
6.1. Conclusions and Major Contributions 
This dissertation studied the manufacturing methods and the mechanical responses of 
the 3D printed composite materials under quasi-static and low-velocity bending conditions 
by using both experimental and numerical methods. Two different composites were 
included in this study. Type I composite consisting of a 3D printed brittle ceramic frame 
and impregnated with elastomer material in order to enhance the material toughness. Type 
II composite consisting of 3D printed ductile frame and reinforced with PU foam in order 
to improve the impact performance. Overall, this dissertation provides knowledge of 
manufacturing, testing, and analyzing the 3D printed composites. 
Major contributions of this dissertation can be summarized as follows: 
I. Conventionally, the manufacturing processes of the structural composite are 
complicated. The proposed method in this study, using 3D printing 
technologies can possibly simplify the manufacturing processes and enable a 
more complex structural design for engineering applications. 
II. The proposed composite materials show the advantages of incorporating 
another material to improve the toughness and impact resistance. Traditional 
composite can only be modified by the volume ratio and 2D design (laminate 
orientation). With using the 3D printing technologies, the composite materials 
can have more degree of freedom in design to be customized toward specific 




III. The current study also explains the material responses under both quasi-static 
and impact tests. The material phenomena inside the structural composite 
material can be very complicated, and it significantly affects the material 
performance under deformation. The proposed numerical models can be used 
to explain material phenomena and improve the future design.  
This dissertation provides a broad knowledge of 3D printed composite, and it is 
beneficial for engineering industries. The conclusions and significant findings can be 
summarized as follow: 
1. Combining the 3D printing technologies and molding process can successfully 
manufacture the structural composite. Comparing to the conventional methods, 
this manufacturing process provides more options on the material, such as 
concrete and plaster, which traditionally cannot be made with complicated 
geometries. Also, with 3D printing technologies, creating a complex structural 
composite becomes more accessible than the traditional methods, such as 
welding and adhesions. The composites with anisotropic or localized design 
can be easily made with the proposed manufacturing method.  
2. The mechanical properties of 3D printed structural composites are determined 
by both the volume fraction and structural configurations. With the extremely 
different properties of the materials and the 3D printing technologies, a 
composite with a wide range of the mechanical properties can be customized 




3. Type I composite consisted of a brittle 3D printed plaster frame and impregnate 
with a ductile silicone elastomer. The 3D printed plaster frame dominates the 
stiffness and the strength, and the elastomer enhances the material toughness. 
Both experimental and numerical studies show that the composite does not 
rupture suddenly because of the gradual development of the microcracks in the 
ceramic phase as a result of contraction force provided by the elastomer filler. 
The loading-unloading study showed that there are stiffness degradation and 
minimal permanent deformation on the type I composite after each cycle. This 
also proves that the microcracks evolution occurs in the type I composite.  
4. The bending behaviors of the type I composite were successfully modeled 
using an FEA method, which includes a brittle cracking model for the ceramic 
phase material and a hyperelastic model for the elastomer phase material. 
Comparing to other conventional FEA models, this model enabled the analysis 
with coarse and uniform mesh in the structure to represent the crack evolution 
inside the material.  
5. Type II composite consisted of a 3D printed PLA frame and reinforced with a 
PU foam material. The impact testing results showed that different foams affect 
the impact properties differently and do not always show the improvement. 
The flexible foam can enhance the material ductility and absorb more energy 
during the impact. In addition, the flexible foam stabilizes the crack 




6. The impact behaviors of type II composite can be captured by an FEA model, 
which includes an elastoplastic model for the PLA frame and a viscoelastic 
model for the PU foam. The FEA results suggest that although the PU foam 
has a significantly lower modulus compared to that of the PLA, it redistributes 
the stress and mitigates stress concentrations during impact. Consequently, the 
PU foam reinforcement enhances the material ductility without changing its 
structural stiffness and weight significantly because of the soft and light nature 
of foams. Such characteristic is an advantage for future composite design.  
 
6.2. Future Works 
The proposed manufacturing process of the composite material, the numerical models, 
and the composite design for specific applications can all be improved. Future research 
can follow the following directions:  
1. The proposed manufacturing method in this study includes both 3D printing and 
molding process. In the future, a 3D printer can print multiple materials with 
extremely different properties will significantly increase the degree of freedom for 
the composite design.  
2. This study proved that the structural configuration significantly affects material 
properties. An algorithm to design the composite structure for specific applications 
and needs will significantly improve the material properties. The optimization 
needs to consider both material properties and frame structure because of their 




3. A failure model for the soft and ductile material needed to be developed. In this 
study, both of the FEA models do not include a failure criterion for the 
reinforcement material (elastomer and PU foam). According to the impact testing 
results, selecting a proper PU foam as the reinforcement material can slow down 
the crack propagation in the composite. If the numerical model can capture the 
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